Chiral polychlorinated biphenyl (PCB) congeners have been implicated by laboratory and epidemiological studies in PCB developmental neurotoxicity. These congeners are metabolized by cytochrome P450 (P450) enzymes to potentially neurotoxic hydroxylated metabolites (OH-PCBs). The present study explores the enantioselective disposition and toxicity of 2 environmentally relevant, neurotoxic PCB congeners and their OH-PCB metabolites in lactating mice and their offspring following dietary exposure of the dam. Female C57BL/6N mice (8-weeks old) were fed daily, beginning 2 weeks prior to conception and continuing throughout gestation and lactation, with 3.1 mmol/kg bw/d of racemic 2,2 0 ,3,5 0 ,6-pentachlorobiphenyl (PCB 95) or 2,2 0 ,3,3 0 ,6,6 0 -hexachlorobiphenyl (PCB 136) in peanut butter; controls received vehicle (peanut oil) in peanut butter. PCB 95 levels were higher than PCB 136 levels in both dams and pups, consistent with the more rapid metabolism of PCB 136 compared with PCB 95. In pups and dams, both congeners were enriched for the enantiomer eluting second on enantioselective gas chromatography columns. OH-PCB profiles in lactating mice and their offspring were complex and varied according to congener, tissue and age. Developmental exposure to PCB 95 versus PCB 136 differentially affected the expression of P450 enzymes as well as neural plasticity (arc and ppp1r9b) and thyroid hormone-responsive genes (nrgn and mbp). The results suggest that the enantioselective metabolism of PCBs to OH-PCBs may influence neurotoxic outcomes following developmental exposures, a hypothesis that warrants further investigation.
and inhalation of outdoor and indoor air (Grimm et al., 2015; Jamshidi et al., 2007) . Epidemiological data suggest a negative association between developmental exposure to environmental PCBs and neuropsychological and cognitive function in infancy and childhood (Jacobson and Jacobson, 1996; Korrick and Sagiv, 2008; Nowack et al., 2015) , but the mechanisms underlying the developmental neurotoxicity of PCBs, as well as the relative contribution of each congener to neurotoxic outcomes, remain poorly characterized. In particular, PCB congeners with ortho-chlorine substituents such as PCB 95 (2,2 0 ,3,5 0 ,6-pentachlorobiphenyl) and PCB 136 (2,2 0 ,3,3 0 ,6,6 0 -hexachlorobiphenyl) have emerged as developmental neurotoxicants of concern because they are present in indoor air in U.S. schools (Thomas et al., 2012) and have been detected at higher levels in children compared with older participants in the National Health and Nutrition Examination Survey (Megson et al., 2013) . Moreover, levels of PCB 95, but not other PCBs, were higher in postmortem brain samples from individuals with neurodevelopmental disorders compared with neurotypical controls (Mitchell et al., 2012) . Laboratory studies using individual PCB congeners or PCB mixtures demonstrate that developmental PCB exposure causes behavioral and cognitive deficits in rats and mice (Boix et al., 2011; Cauli et al., 2013; Schantz et al., 1995; Yang et al., 2009) . Several of these PCB congeners, such as PCB 95 and PCB 136, are potent sensitizers of ryanodine receptors (RyRs) (Pessah et al., 2006) , which are important microsomal Ca 2þ channels implicated in PCB-mediated developmental neurotoxicity (Kodavanti and Curras-Collazo, 2010; Pessah et al., 2010) . PCB 95 and PCB 136 are chiral PCB congeners and exist as rotational isomers, called atropisomers, which are nonsuperimposable mirror images of each other (Lehmler et al., 2010) . Racemic PCB 95 promotes dendritic growth in vivo and in vitro via RyR-mediated mechanisms (Wayman et al., 2012b) . These effects of PCB 95 on dendritic growth are mediated by Ca 2þ -dependent signaling pathways that regulate activity-dependent dendritic growth and synaptogenesis (Lesiak et al., 2014; Wayman et al., 2012a) . In vitro studies demonstrate that chiral PCB 136 enantiospecifically affects dendritic growth by mechanisms involving RyRs, with (À)-PCB 136, but not (þ)-PCB 136 activating RyRs to enhance dendritic arborization in primary neurons (Pessah et al., 2009; . It is likely that other chiral PCB congeners also enantioselectively activate RyRs, but this has not yet been demonstrated experimentally.
PCBs are metabolized by cytochrome P450 (P450) enzymes to complex mixtures of hydroxylated PCBs (OH-PCBs) (Grimm et al., 2015) . Animal studies demonstrate that these metabolites can cross the placenta and accumulate in fetal tissues (Meerts et al., 2002; Morse et al., 1995) . In the case of PCB 136, OH-PCB metabolites are retained in the rat fetus due to their conjugation to the corresponding glucuronide (Lucier et al., 1978) . There is also indirect evidence that OH-PCBs cross the placenta in humans and achieve higher levels in the fetus relative to the parent PCBs (Park et al., 2007; Soechitram et al., 2004) . OH-PCB metabolites are potentially toxic (Grimm et al., 2015) and several studies demonstrate that some OH-PCBs cause developmental neurotoxicity by disrupting thyroid hormone or sex hormone homeostasis (Meerts et al., 2002 (Meerts et al., , 2004a Morse et al., 1995) . OH-PCB metabolites of RyR-active PCBs are also potent sensitizers and uncouplers of RyRs (Niknam et al., 2013; Pessah et al., 2006) and may contribute to adverse behavioral outcomes in laboratory models and humans. However, limited information about the disposition of RyR-active OH-PCBs in dams and their offspring is currently available.
This study explores the enantioselective disposition of PCB 95 and PCB 136 and their OH-PCB metabolites in preweanling mice that were exposed to individual PCB congeners during gestation and lactation via the maternal diet. Our results establish that metabolism of both PCB 95 and PCB 136 results in congener-specific enantiomeric enrichment and complex OH-PCB profiles in brain and other tissues in pups and dams. Maternal exposure to RyR-active PCBs alters the hepatic expression of P450 enzymes as well as neural plasticity and thyroidhormone responsive genes in the brains of offspring, suggesting the need for future studies to determine how the enantioselective formation of RyR-active OH-PCBs alters the developmental neurotoxicity of PCBs. (4, , were synthesized at >95% purity as described previously in Joshi et al. (2011) , KaniaKorwel et al. (2008b) , and Waller et al. (1999) .
MATERIALS AND METHODS
Animals and PCB exposure. Ten male and twenty female C57BL/ 6N mice at 7 weeks of age were purchased from Charles River Laboratories (Roanoke, Illinois, USA). Mice were maintained on a 12-h light, 12-h dark cycle, and at 20 to 26 C in an AAALAC accredited animal facility at the University of Iowa Research Park (Coralville, Iowa, USA). Mice were housed in polypropylene, fiber-covered cages in HEPA-filtered Thoren caging units (Hazelton, Pennsylvania, USA) with SoftZorb Enrichment Blend bedding from NEPCO (Warrensburg, New York, USA). Food (sterile Teklad 5% stock diet, Harlan, Madison, Wisconsin, USA) and water (via an automated watering system) were provided ad libitum. Daily animal welfare-assessments were performed by laboratory personnel and no adverse outcomes were observed throughout the study. Animals were treated according to protocols approved by the Institutional Animal Care and Use Committee of the University of Iowa. The dosing regimen for this study was adopted from earlier reports investigating PCB developmental neurotoxicity in rats (Schantz et al., 1997; Yang et al., 2009 ) and the enantioselective disposition of racemic PCB 95 in mice (Kania-Korwel et al., 2012 . Briefly, female mice were exposed daily for 1 week to organic peanut oil (12.5 ml/g; Spectrum Organic Products; Melville, New York, USA) mixed with organic peanut butter (Trader Joe's; Monrovia, California, USA) as shown in Figure 1 ( Kania-Korwel et al., 2012) . Afterwards, animals were randomly divided into 3 exposure groups and treated daily throughout the study by dietary exposure to racemic PCB 95 (1.0 mg/kg bw/d; 3.1 mmol/kg bw/d; 7 females mated, 5 with and 2 without litters), racemic PCB 136 (1.1 mg/kg bw/d; 3.1 mmol/kg bw/d; 7 females mated, 6 with and 1 without litters) or vehicle alone (peanut oil, 12.5 ml/g peanut butter; 6 females mated, 5 with and 1 without litters) in peanut butter. This PCB dosage was selected because PCB exposure at this dosage causes neurodevelopmental deficits in rats by mechanisms involving sensitization of the RyR (Schantz et al., 1997; Wayman et al., 2012b) . Mice were weighed daily (Supplementary Figure 1) and the amount of peanut butter was adjusted to keep the PCB dosage constant. Exposure continued for 2 weeks before female mice were mated with male C57BL/6 mice for 3 days as described earlier in Kania-Korwel et al. (2012 . Female mice that did not become pregnant (n ¼ 4) were euthanized 3 weeks after mating by CO 2 asphyxiation followed by cervical dislocation. Exposure of pregnant female mice continued throughout gestation and lactation.
The number of pups was culled to 6 per litter on postnatal day 3 (P3), and the carcasses of P3 pups were stored at À80 C.
One male and one female pup from each litter were euthanized by decapitation on P7, the brain was excised, and tissue samples (ie, carcass and brain) were stored at À80 C. The remaining pups (4 per litter) and dams were euthanized on P21 as described earlier for nonpregnant mice. Blood and tissues (brain, liver and muscle from the left hind leg) were collected from 1 male and 1 female P21 pup from each litter and stored at À80 C for PCB analysis. Small samples of liver and brain from these pups and their dams were placed overnight in RNAlater (Qiagen, Valencia, California, USA) and stored at À80 C for RNA extraction. Liver microsomes were prepared from the remaining male and female P21 pups by differential centrifugation as described previously in Kania-Korwel et al. (2008a) and stored in 0.25M sucrose at À80 C.
Simultaneous extraction of PCB and metabolites from tissues. Blood (0.03-1.26 g), brain (0.09-0.49 g), carcass (1.66-4.9 g), liver (0.21-0.69 g) and muscle (0.02-0.18 g) samples were extracted and cleaned-up in situ with Florisil (12 g) using an Accelerated Solvent Extractor (ASE 200, Dionex, Sunnyvale, California) as reported earlier in Kania-Korwel et al. (2012) . A hexane:dichloromethane:methanol mixture (48:43:9, v/v/v) was used as extraction solvent. Extracts were concentrated under a gentle stream of nitrogen and hydroxylated metabolites were derivatized to methoxylated compounds using a solution of diazomethane in diethyl ether. After removal of excess diazomethane, extracts were subjected to sulfur and sulfuric acid clean-up steps as described elsewhere (Kania-Korwel et al., 2007) .
Gas chromatographic analysis. Tissue levels of PCBs and their hydroxylated metabolites were simultaneously quantified on a SPB 1 column (60 m Â 250 lm Â 0.25 lm; Supelco, St Louis, Missouri, USA) using an Agilent 7870A gas chromatograph equipped with
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Ni l-electron capture detector (ECD) as described previously in Kania-Korwel et al. (2012) . PCB and OH-PCB levels were determined using PCB 204 as an internal standard (volume corrector). PCB and OH-PCB levels are reported on a molar or weight basis and (1) adjusted for tissue wet weight or (2) expressed as total amount in the respective organ (Supplementary Tables 1-8) . No lipid adjustments were made because hydroxylated PCB metabolites are more polar than PCBs and not associated with lipids (Guvenius et al., 2003) . Levels of PCB and OH-PCB expressed as nmol/g wet weight are compared throughout the manuscript to facilitate comparisons between the PCB exposure groups (see also Supplementary Tables 1 and 2 for data expressed as pmol/g). In addition, PCB and OH-PCB levels expressed as ng/g wet weight are presented in Supplementary Tables 3 and 4 . Although wet weight adjusted PCB and OH-PCB levels are a good measure of their levels at target site(s) within the developing brain, we also expressed and analyzed the data as total amount per organ to assess the extent to which growth dilution may have contributed to agerelated differences in PCB and OH-PCB levels (Supplementary Tables 5-8; Supplementary Figs. 2-6 ). PCB and OH-PCB levels and enantiomeric fractions (EFs) from male and female pups for the same litter were combined because we observed no statistically significant sex differences, consistent with previous reports of PCB developmental neurotoxicity (Dziennis et al., 2008; Yang et al., 2009) .
EF values are a measure of the enantiomeric enrichment of a chiral compound and were determined for PCB 95, PCB 136 and 2 OH-PCB metabolites, 4-95 and 5-136, on an Agilent 7890 gas chromatograph equipped with a
Ni l-ECD as described previously in Kania-Korwel et al. (2011 . The following enantioselective columns were used: Chirasil-Dex column (CD, 2,3,6-tri-O-methyl-b-cyclodextrin, 30 m Â 250 lm Â 0.39 lm, Agilent, Santa Clara, California, USA) for PCB 136 and 5-136; BGB-172 column (BGB, 20% tert-butyldimethyl-silyl-b-cyclodextrin, 30 m Â 250 lm Â 0.25 lm, BGB Analytics, Boecten, Switzerland) for 4-95; and ChiralDex B-DM column (2,3-di-Omethyl-6-tert-butyl-silyl-b-cyclodextrin, 30 m Â 250 lm Â 0.12 lm, Supelco) for PCB 95. The remaining OH-PCB metabolites either co-eluted with other metabolites, were not resolved under the analysis conditions used in this study or were below the limit of detection in the enantioselective analysis (KaniaKorwel et al., 2008b (KaniaKorwel et al., , 2011 . All integrations were performed using the valley drop method (Kania-Korwel et al., 2012) . EF values were calculated as EF ¼ A 1 /(A 1 þA 2 ), where A 1 and A 2 are the peak area of the first (E 1 ) and second (E 2 ) eluting peak, respectively, and are summarized in Supplementary Table 9 .
Quality assurance/quality control. The detector responses were linear from 1 ng to 1 mg for all analytes investigated (PCBs 95, 117, 136, 4, 4, (2012) and are presented in Supplementary Table 11 . Amplification efficiencies are provided in Supplementary Table  12 . Transcript levels of cyp1a2, cyp2b10, and cyp3a11 were normalized against the transcript level of the reference gene, phosphoglycerate kinase 1 (pgk1) (Santos and Duarte, 2008; Stamou et al., 2014) . Transcript levels of activity-regulated cytoskeletonassociated protein (arc), myelin basic protein (mbp), RC3/neurogranin (nrgn), and spinophilin (ppp1r9b) were normalized against the geometric mean of the transcript levels of the reference genes, pgk1, peptidylprolyl isomerase A (ppia), and hypoxanthine-guanine phosphoribosyl transferase (hprt) (Stamou et al., , 2015 Wu et al., 2015) .
Immunoblot analysis of P450 protein levels. Hepatic mouse P450 enzymes were identified and protein levels were measured by immunoblot analysis as described previously in Hrycay et al. (2014) . Liver microsomal proteins were resolved by discontinuous sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) according to a published procedure (Laemmli, 1970) . Liver microsomes prepared from individual dams and P21 pups were loaded on the gels at a concentration of 20 or 40 mg microsomal protein/lane. A single concentration of the appropriate purified rat P450 protein was included on each gel as an internal standard. The internal standard for blots probed with antirat CYP1A serum was rat CYP1A2, which was loaded at 0.1 pmol/ lane; for blots probed with antirat CYP2B IgG, purified rat CYP2B2 at 0.0625 pmol/lane; for blots probed with antirat CYP3A IgG, CYP3A2 at 0.5 pmol/lane. Proteins separated by SDS-PAGE were transferred electrophoretically onto nitrocellulose membranes as reported earlier (Towbin et al., 1979) . The membranes were incubated for 2 h at 37 C with rabbit antirat CYP1A serum at 1:1000 dilution, rabbit antirat CYP2B1 IgG at 5 lg/ml or rabbit antirat CYP3A IgG at 15 lg/ml. The primary antibodies were prepared in house, as described previously in Ngui and Bandiera (1999) and Wang and Bandiera (1996) . Membranes were then washed and incubated for 2 h at 37 C with alkaline phosphatase-conjugated goat F(ab 0 ) 2 antirabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA; Cat no. 111-056-047, RRID:AB_2337957) at a dilution of 1:3000. Membranes were washed again and protein bands visualized by incubation with a substrate solution consisting of 0.03% p-nitroblue tetrazolium chloride and 0.015% 5-bromo-4-chloro-3-indolyl phosphate in 0.1 M Tris-HCl buffer containing 0.5 mM MgCl 2 , pH 9.5. Assay conditions were optimized to ensure that color development was linear with respect to the quantity of microsomal protein or standard loaded and the time of the phosphatase reaction. The staining intensities of the protein bands were measured with a pdi 420oe densitometer (PDI, New York, USA) equipped with an AGFA Arcus II scanner (AgfaGevaert NV, Mortsel, Belgium) using the pdi Quantity One 3.0 software (Bio-Rad, Hercules, California, USA). The amount of immunoreactive protein was determined from the integrated intensity of the stained band to that of the internal standard and was expressed as relative optical density units per mg of microsomal protein. Liver microsomes prepared from individual mice were analyzed 2-4 times on different days.
Statistics. Nonparametric analyses of body and organ weights, body length and PCB congener levels were performed using Wilcoxon signed rank test for paired and unpaired comparisons using the litter as statistical unit as appropriate. Mean values were used for the statistical analysis when measurements from several littermates were available (see Supplementary Tables 1-8 for details regarding the number of animals). With exception of the qPCR results, all statistical procedures were performed using SAS software (SAS Institute, 2013) . Differences between exposure groups were considered statistically different at P < .05. Analysis of the qPCR results was performed with SDS 2.4.1 (Thermo Scientific; version 2.4) and quantification of relative changes in transcript expression with REST 2009 software (Qiagen) using dams and 1 male and 1 female P21 pup from each litter. Statistical analysis was performed using REST 2009 (built-in randomization techniques) as previously described in Stamou et al. (2014) .
RESULTS

General Toxicity and Reproductive Outcomes
Dietary exposure of female C57BL/6 mice to racemic PCB 95 or PCB 136 beginning 2 weeks prior to conception and continuing throughout gestation and lactation did not cause overt toxicity in dams (Supplementary Table 13 ). There were no significant differences in the growth curves (Supplementary Figure 1) , final body weights or organ weights between PCB-exposed animals and vehicle control groups. Exposure of dams to PCB 95 and PCB 136 also did not alter reproductive outcomes or influence the body weights, body length and organ weights of pups at P3, P7, or P21 (Supplementary Tables 14 and 15 ). The only exceptions were a lower relative brain weight in male P7 pups exposed to PCB 136 and a larger kidney weight in female P21 pups exposed to PCB 95 compared with age-matched control pups.
Disposition of PCB 95 and Hydroxylated Metabolites
The levels of PCB 95 and 5 hydroxylated metabolites, designated as 3-103 (NIH shift product), 4-95, 4 0 -95, 5-95, and 4,5-95, were determined in tissues collected at the time points indicated in Figure 1 . PCB 95 and these 5 hydroxylated metabolites were detected in all tissues investigated in this study. Additional PCB 95 metabolites may have been formed, but we were unable to detect and quantify these metabolites, in part due to the lack of authentic standards.
Whole body levels of PCB 95 and its OH-PCB metabolites in P3 and P7 pups. The whole body content of PCB 95 and its OH-PCB metabolites was determined in pups at P3 and P7. Whole body PCB 95 levels, adjusted for wet weight, decreased significantly between these time points from an average concentration of 3.6 nmol/g at P3 to 1.8 nmol/g at P7 ( Figure 2A ; Supplementary Table 1) . This decrease in PCB 95 levels was accompanied by an increase in body weight of pups (Supplementary Table 14 ), suggesting that the increase in body weight resulted in a growth dilution of the internal PCB 95 dosage between P3 and P7. Consistent with this interpretation, the total amount of PCB 95 was comparable in P3 and P7 carcasses (Supplementary Figure 2A ; Supplementary Table 5 ).
The major metabolite of PCB 95 in carcasses at P3 and P7 was 4-95, followed by 5-95 > 4,5-95 > 4 0 -95 > 3-103 ( Figure 2A ).
The wet weight adjusted levels of all 5 OH-PCB 95 metabolites as well as the sum of the 5 hydroxylated metabolites of PCB 95 quantified in this study (R (5) OH-PCB 95) decreased significantly between P3 and P7. Growth dilution likely contributed to the lower PCB 95 metabolite levels; however, the total amount of all OH-PCB 95 metabolites decreased in carcasses from P3 to P7, with the decrease being statistically significant for 3-103, 4-95, and R Brain levels of PCB 95 and its OH-PCB metabolites in pups and dams. The mean level of PCB 95 in the brain of P7 pups was 0.15 nmol/g ( Figure 3A ; Supplementary Table 1) , which corresponds to 2.4% of the total PCB 95 body burden. Moreover, PCB 95 levels in the brain were of a comparable magnitude in pups (0.15 and 0.21 nmol/g in P7 and P21 pups, respectively) and dams (0.14 nmol/g). The total amount of PCB 95 in the brain significantly increased from P7 to P21 (Supplementary Figure 3A ; Supplementary Table 5) despite the near doubling of brain weight during this same time frame (Supplementary Tables 14 and 15 ). The wet weight adjusted R (5) OH-PCB 95 levels in the brain of P7 pups were 0.026 nmol/g ( Figure 3B ; Supplementary Table 1) , which corresponds to 0.4% of the total body burden of R (5) OH-PCB 95. R (5) OH-PCB 95 levels were approximately 1 order of magnitude lower compared with PCB 95 levels at both P7 and P21 (Figs. 3A and B; Supplementary Table 1) . R (5) OH-PCB 95 levels decreased significantly from P7 to P21 both on a wet weight basis (Supplementary Table 1 ) and expressed as total amount in the whole brain (Supplementary Table 5 ), which suggests that this decrease is only partially due to growth dilution in the developing brain. R (5) OH-PCB 95 levels in P21 pups and dams were comparable (0.010 and 0.007 nmol/g, respectively; Supplementary Table 1) .
The metabolite profile in the brain of P7 pups differed from the profile found in their carcasses (Figs. 2A vs 4A) , and from the metabolite profile found in the brain of P21 pups and their dams ( Figure 4A ; Supplementary Table 1) . 4-95 and 4 0 -95, major metabolites formed in incubations with human liver microsomes (Uwimana et al., 2016) , were also the major metabolites in the brain of P7 pups, and their brain levels were comparable (0.008 and 0.007 nmol/g, respectively). 4,5-95, 3-103 and 5-95 were minor metabolites in the brain of P7 pups. In contrast, 4-95, 4 0 -95, and 5-95 were major metabolites in P21 pup brains, and 5-95 was the major metabolite in the brain of dams. These changes in the metabolite profiles in the brain were due to significant decreases in wet weight adjusted levels of 3-103, 4-95, 4 0 -95, and 4,5-95 from P7 to P21. The total amount of these 4 metabolites in the brain also decreased from P7 to P21; however, this decrease reached statistical significance only for 4,5-95 (Supplementary Table 5 ). At the same time, wet weight adjusted levels of 5-95 remained relatively constant in the brain at all 3 time points (0.0021-0.0023 nmol/g). No statistically significant differences in the wet weight adjusted levels or total amounts of OH-PCB 95 metabolites were observed in the brain from P21 pups versus the corresponding dams, with total amounts of 4 0 -95 being the only exception.
Tissue levels of PCB 95 and its OH-PCB metabolites in P21 pups. In addition to the brain, PCB levels were determined in blood, liver, and muscle of P21 pups ( Figure 3A ). The wet weight adjusted levels of PCB 95 were the highest in muscle, followed by liver > brain > blood (Supplementary Table 1 ). Wet weight adjusted R (5) OH-PCB 95 levels were comparable in liver, blood, and muscle from P21 pups ( Figure 3B ; Supplementary Table 1) . The mean brain level of R (5) OH-PCB 95 levels was approximately 10-fold lower than the levels observed in the other tissues. In blood, the levels of R (5) OH-PCB 95 were similar to the level of PCB 95. In contrast, R (5) OH-PCB 95 levels were approximately 4-fold lower than parent PCB 95 in liver and 60-fold lower in the muscle.
The OH-PCB metabolite profiles varied slightly between tissues, with the brain profile being different from the profile observed in all other tissues at P21 ( Figure 5A ). Specifically, 4-95 was the major OH-PCB 95 metabolite in blood and liver, with a rank order of 4-95 ) 4 0 -95 > 5-95 % 4,5-95 % 3-103. In contrast, levels of 4-95 and 4 0 -95 were comparable in the pup brain. 4 0 -95 was the major metabolite in the muscle, followed by 5-95 % 3-103 > 4-95 > 4,5-95.
FIG. 2. Whole body levels of PCBs and their hydroxylated metabolites in P3 and
P7 pups exposed to PCB 95 (A) or PCB 136 (B) in the maternal diet. For P7 pups, the carcass level is calculated as the sum of the brain level and level of the remaining carcass. Values are adjusted for tissue wet weight and presented on a logarithmic scale as mean 6 SD of average levels for male and female pups from the same litter (n ¼ 5 or 6 litters; see Supplementary Tables 1 and 2 for additional details). *Significantly different from P3 pups; P < .05. **Significantly different from P3 pups; P < .01.
Tissue levels of PCB 95 and its OH-PCB metabolites in dams. In dams, the highest wet weight adjusted level of PCB 95 was found in the muscle, followed by liver > brain > and blood ( Figure 3A ; Supplementary Table 1) . No statistically significant differences were observed in the levels of PCB 95 in all tissues in dams versus P21 pups. However, because P21 pups have smaller livers compared with the respective dams (approximately 0.6 g vs 1.8 g, respectively; Supplementary Tables 13 and 15) , total amounts of PCB 95 were significantly higher in the liver of dams compared with their P21 pups (Supplementary Figs. 3A ; Supplementary Table 5 ). In dams, the highest wet weight adjusted levels of R (5) OH-PCB 95 were present in the liver, followed by blood % muscle ) brain ( Figure 3B ; Supplementary Table 1) . When compared with levels of parent PCB 95, R (5) OH-PCB 95 levels were lower in the brain, liver and muscle, but slightly higher in blood than PCB 95 levels (Supplementary Table 1 ). The major metabolite in all tissues and blood was 4-95, but the metabolite profiles varied between tissues, with a different profile observed in brain compared with the profiles observed in the other tissues ( Figure 6A ). Metabolite profiles observed in tissues from dams and their P21 pups displayed similar features, in particular the liver and blood (Figs. 6A vs 5A). As with the parent PCB, total amounts of all OH-PCB 95 metabolites in the liver were significantly higher in dams compared with their P21 pups due to the differences in liver size (Supplementary Figure 5A ; Supplementary Table 5) .
Disposition of PCB 136 and Hydroxylated Metabolites
The levels of PCB 136 and 4 hydroxylated metabolites, including 3-150 (NIH shift product), 4-136, 5-136, and 4,5-136, were determined at the time points and the tissues identified in Figure 1 . PCB 136 and all 4 hydroxylated metabolites were detected in all tissues analyzed in this study. Additional metabolites of PCB 136 may have been formed, but could not be detected because of the lack of authentic standards.
Whole body levels of PCB 136 and its OH-PCB metabolites in P3 and P7 pups. The wet weight adjusted levels of PCB 136 were comparable in the carcass of pups at P3 and P7 (0.71 and 0.81 nmol/g, respectively) ( Figure 2B ; Supplementary Table 2 ). The levels of PCB 136 were 5-and 2-fold lower than levels of PCB 95 in the whole body of P3 and P7 pups, respectively (Figs. 2 vs 3; Supplementary Tables 2 vs 1). Unlike PCB 95, the total amount of PCB 136 in the carcass significantly increased from P3 to P7, despite the considerable growth of the pups (Supplementary Figure 2B ; Supplementary Table 6 ).
The major metabolite of PCB 136 in P3 and P7 carcasses was 5-136 followed by 4,5-136 % 4-136 ( Figure 2B ). The NIH shift metabolite 3-150 was found only in trace amounts at both time points. The wet weight adjusted levels of 3-150 and 4,5-136, but not the other metabolites, decreased significantly between P3 and P7. Because total amounts of the OH-PCB 136 metabolites in the carcass do not significantly change (Supplementary Figure 2B ; sue wet weight and presented on a logarithmic scale as mean 6 SD of average levels for male and female pups from the same litter (n ¼ 5 or 6 litters; see Supplementary Tables 1 and 2 for additional details). C, carcass; B, brain; L, liver; W, whole blood; M, muscle. *Significantly different from carcass of P3 pups; P < .05. # Significantly different from brain of P7 pups; P < .05; ## significantly different from brain of P7 pups; P < .01. $ Significantly different from levels in the same tissue from pups euthanized on P21; P < .05.
Supplementary Table 6), the decrease in wet weight adjusted 3-150 and 4,5-136 levels is, at least in part, due to growth dilution from P3 to P7 (Supplementary Figure 1B; Supplementary Table 6 ). The sum of the 4 hydroxylated metabolites (R (4) OH-PCB 136) in the whole body of P3 and P7 pups was approximately 10-fold lower than the parent PCB 136 levels, and did not change significantly from P3 to P7 (Figs. 3C and D; Supplementary Table 2 ). The levels of R (4) OH-PCB 136 were approximately 4-times lower
Brain profiles of OH-PCB metabolites differ among P7 and P21 pups and dams exposed to PCB 95 (A) or PCB 136 (B). Values are adjusted for tissue wet weight and presented on a logarithmic scale as mean 6 SD of average levels for male and female pups from the same litter (n ¼ 5 or 6 litters; see Supplementary Tables 1 and 2 for additional details). # OH-PCB levels significantly different from brain of P7 pups; P < .05; ## OH-PCB levels significantly different from brain of P7 pups; P < .01. $ OH-PCB levels significantly different from levels in the same tissue from pups euthanized on P21; P < .05.
FIG. 5.
Tissue profiles of OH-PCB metabolites in P21 pups from PCB 95-exposed dams (A) or PCB 136-exposed dams (B). Values are adjusted for tissue wet weight and presented on a logarithmic scale as mean 6 SD of average levels for male and female pups from the same litter (n ¼ 5 or 6 litters; see Supplementary Tables 1 and 2 for additional details).
than levels of R (5) OH-PCB 95 at P3, but comparable on P7 (Figs.
3B vs D).
Brain levels of PCB 136 and its OH-PCB metabolites in pups and dams. Wet weight adjusted PCB 136 levels in the brain of P7 pups (0.043 nmol/g) corresponded to approximately 0.2% of the total PCB 136 body burden and significantly decreased from P7 to P21 ( Figure 3C ; Supplementary Table 2) . A significant decrease in the total amount of PCB 136 in the brain was also observed from P3 to P7 (Supplementary Figure 3C ; Supplementary Table 6) . Together, these observations suggest that, in addition to growth dilution, other factors contribute to changes in the levels of PCB 136 in the developing brain. Moreover, the levels of PCB 136 in the brain of pups and dams were lower than levels of PCB 95 (Figs. 3A vs D; Supplementary Figs . 3A vs C). The wet weight adjusted R (4) OH-PCB 136 levels in the brain of pups at P7 were 0.030 nmol/g ( Figure 3D ; Supplementary Table 2), which corresponds to 2.6% of the total body burden of R (4) OH-PCB 136. Brain levels of R (4) OH-PCB 136 varied significantly between P7 and P21 pups, with significantly lower levels (0.019 nmol/g) being observed in the brain of P21 pups ( Figure  3D ; Supplementary Table 2). Wet weight adjusted levels of all 4 OH-PCB 136 metabolites decreased from P7 to P21, with changes being significant for 4-136 and 4,5-136 ( Figure 4B ; Supplementary Table 2 ). This decrease in OH-PCB 136 levels is due to growth dilution because the total amounts of R (4) OH-PCB 136 in the brain of P7 and P21 pups were comparable (Supplementary Figure 3D ; Supplementary Table 6 ). 4,5-136 was an exception, because, similar to 4,5-95, the total amount of this metabolite in the brain decreased significantly from P7 to P21 (Supplementary Figure 4B) . Importantly, wet weight adjusted R (4) OH-PCB 136 levels in the brain of P7 and P21 pups and dams were of the same order of magnitude as levels of PCB 136. When compared with PCB 95-exposed pups, R (4) OH-PCB 136 levels were similar to R (5) OH-PCB 95 levels in the brain of P7 pups, but 2-fold higher in P21 pups (Figure 3 ; Supplementary Table 1) .
The metabolite profile in the brain of P7 pups, expressed on a wet weight basis, differed slightly from the profile found in carcasses due to slightly higher levels of 3-150, the NIH-shift product, in the brain compared with the carcass (Figs. 2B vs 4B ). Differences were also noted in the OH-PCB profiles in the brain of P21 pups and their dams compared with P7 pups ( Figure 4B ). Overall, 5-136 was the major metabolite in the brain of P7 and P21 pups and dams. However, levels of the catechol metabolite 4,5-136 were higher than 4-136 levels in the brain of P7 pups whereas levels of both metabolites were comparable in the brain of P21 pups, and 4-136 levels were higher than 4,5-136 levels in dams. The NIH shift metabolite 3-150 was a minor metabolite at all time points investigated.
Tissue levels of PCB 136 and its OH-PCB metabolites in P21 pups. The wet weight adjusted levels of PCB 136 were the highest in muscle, followed by liver > brain > blood ( Figure 3C ; Supplementary Table 2) . PCB 136 tissue levels were much lower than levels of PCB 95 in the P21 pups (Supplementary Tables 2  vs 1 and 6 
vs 5).
The wet weight adjusted R (4) OH-PCB 136 levels in the tissues investigated followed the rank order: muscle ) blood > brain % liver ( Figure 3D ; Supplementary Table 2 ). Levels of R (4) OH-PCB 136 and PCB 136 were comparable in the brain and muscle, whereas R (4) OH-PCB 136 blood levels were approximately 1 order of magnitude higher than PCB 136 levels. In contrast, R (4) OH-PCB 136 liver levels were almost 2 times lower compared with levels of PCB 136. R (4) OH-PCB 136 levels were lower than R (5) OH-PCB 95 levels in the liver and blood, but higher in brain and muscle in P21 pups (Figs. 3B vs D; Supplementary Tables 1 vs 2) .
The OH-PCB 136 metabolite profiles in P21 pups varied between tissues ( Figure 5B ). With exception of the liver, 5-136 was the major metabolite in all tissues investigated. The rank order of OH-PCB metabolites was 5-136 ) 4,5-136 % 4-136 > 3-150 in blood and brain and 5-136 ) 4-136 > 3-150 > 4,5-136 in muscle. In contrast, 4-136 was major metabolite in the liver, followed by 5-136 > 4,5-136 > 3-150.
Tissue levels of PCB 136 and its OH-PCB metabolites in dams at P21. The highest wet weight adjusted levels of PCB 136 in dams were found in the muscle followed by liver, brain and blood ( Figure  3C ; Supplementary Table 2 ). The same rank order was observed in P21 pups from the PCB 136 exposure group, and PCB 136 levels in tissues from dams were comparable to levels found in P21 pups. When expressed as the total amount per organ, PCB 136 levels in the liver were significantly higher in dams compared with P21 pups due to the larger size of the liver in dams (Supplementary Figure 3C; Supplementary Table 6 ). PCB 136 levels were lower in all tissues compared with PCB 95-exposed dams (Supplementary Tables 2 vs 1 and 6 vs 5) .
In dams, the highest R (4) OH-PCB 136 levels, adjusted for wet weight, were detected in the muscle, followed by the liver % brain > blood ( Figure 3D; Supplementary Table 2 ). R (4) OH-PCB 136 levels were lower in muscle, but higher in blood compared with PCB 136 levels. In contrast, levels of PCB 136 and R (4) OH-PCB 136 were similar in brain and liver. As observed with the OH-PCB 95 metabolites discussed earlier, total amounts of all OH-PCB 136 metabolites in the liver were significantly higher in dams compared with their P21 pups due to the differences in liver size (Supplementary Figures 6B vs 5B; Supplementary Table 6 
Enantiomeric Enrichment of PCB 95
The enantiomeric enrichment of PCB 95 was determined using enantioselective gas chromatography (Supplementary Table 9 ). The second eluting atropisomer of PCB 95, designated as E 2 -PCB 95, was enriched in all tissues from pups and dams. The direction and extent of enantiomeric enrichment was similar in carcasses from P3 and P7 pups (EF of 0.12 and 0.17, respectively). Enantiomeric enrichment of E 2 -PCB 95 in the brain of P7 pups appeared to be more pronounced than in the carcass (EF of 0.07 vs 0.17, respectively). Enantiomeric enrichment of E 2 -PCB 95 was comparable in the brains of P7 and P21 pups and the dams, with EF values ranging from 0.05 to 0.07. The most pronounced enantiomeric enrichment was observed in the liver and brain of P21 pups, followed by blood and muscle. In dams, the extent of the enantiomeric enrichment decreased in the order brain > blood % liver > muscle. In previous studies with adult female mice exposed to PCB 95, the liver exhibited the most pronounced enantiomeric enrichment, with the rank order liver > brain ! blood (Kania-Korwel et al., 2012 . It is noteworthy that the enrichment of E 2 -PCB 95 in the muscle was less pronounced in dams than in P21 pups (EF of 0.27 vs 0.11, respectively).
Enantiomeric enrichment of a single PCB 95 metabolite, 4-95, was determined in the carcasses of P3 and P7 pups, liver of P21 pups and blood and liver from the dams (Supplementary Table  9 ). The atropisomer of 4-95 eluting second on the chiral column, designated as E 2 -4-95, was enriched in all tissues analyzed. EF values of 4-95 typically ranged from 0.11 to 0.14, except for livers from dams, which displayed less pronounced enrichment (EF ¼ 0.22).
Enantiomeric Enrichment of PCB 136
Enantioselective gas chromatography revealed an enrichment of the PCB 136 atropisomer eluting second on the chiral column (E 2 -PCB 136) in all tissues under investigation (Supplementary Table 9 ). Enantiomeric enrichment of PCB 136 in carcasses from P3 and P7 pups was similar, with EF values of 0.21 and 0.25, respectively. Moreover, enantiomeric enrichment in the brain and carcasses from P7 pups was comparable, with EF values of 0.28 and 0.25, respectively. A slight increase in the extent of enantiomeric enrichment from P7 to P21 was noted in the brain (EF ¼ 0.28 vs 0.21). The most pronounced enantiomeric enrichment was observed in the liver of P21 pups, followed by brain and muscle. In dams, the extent of the enantiomeric enrichment decreased in the order liver > blood % muscle. Furthermore, PCB 136 residues in liver and muscle displayed less pronounced enantiomeric enrichment in dams compared with the corresponding P21 pups. When compared with the PCB 95 exposure group, less pronounced enantiomeric enrichment was observed in pups and dams from the PCB 136 exposure group. Moreover, changes in chiral PCB signatures in several compartments, such as the brain, differed slightly between PCB 95 and PCB 136 exposure groups.
Effect of PCB Exposure on Hepatic Expression of P450 Enzymes
Transcript levels of hepatic P450 enzymes in P21 pups and dams. Hepatic cyp1a2, cyp2b10, and cyp3a11 mRNA levels were quantified using qPCR (Table 1) to allow a comparison with our earlier study investigating the expression of these enzymes in liver and different brain regions . The overall effects of PCB exposure on P450 gene expression in the liver of P21 pups and their dams were modest. The most intriguing observation was a significant increase in cyp2b10 transcript levels in male pups from the PCB 95 exposure group compared with age-and sex-matched control pups. PCB 95 exposure had no other effect on P450 gene expression in the liver. The expression of cyp1a2 was significantly decreased in female pups from the PCB 136 exposure group compared with control pups. Additionally, transcript levels of cyp3a11 were significantly lower in dams from the PCB 136 exposure group compared with control dams.
Protein levels of P450 enzymes in P21 pups and dams. Relative hepatic protein levels of selected P450 enzymes were determined in P21 pups and their dams to assess whether the effect of PCB exposure on P450 gene expression translated to changes at the protein level (Table 2) . Antibodies specific for Cyp1a, Cyp2b and Cyp3a allowed the detection and quantification of several mouse P450 isoforms, which were tentatively identified as mouse Cyp1a2, Cyp2b9 (upper band), Cyp2b10 (lower band), Cyp3a11 (upper band), Cyp3a41 (middle band), and Cyp3a13/25 (lower band), respectively. Protein levels of Cyp2b10, Cyp2b9, and Cyp3a13/25 were lower and the protein level of Cyp3a11 was higher in pups from the control group compared with their dams, but these differences did not reach statistical significance. Cyp3a41 was not detected in the liver of pups from any exposure group, but was expressed in dams from all 3 exposure groups.
PCB 95 exposure significantly increased Cyp2b10 protein levels in the liver of both female and male pups compared with age and sex-matched control pups. This observation is consistent with the significant increase in cyp2b10 transcript levels in male pups from the PCB 95 exposure group compared with control pups. With exception of a slight, but statistically significant decrease in Cyp3a11 protein levels, no significant differences in the protein levels of any P450 isoform investigated were observed in PCB 95-exposed dams compared with control dams. Protein levels of Cyp2b10 were lower and protein levels of Cyp1a2 and Cyp3a11 were higher in female and male pups from the PCB 95-exposed group compared with their dams; however, these differences did not reach statistical significance.
PCB 136 exposure significantly increased hepatic Cyp1a2 protein in male pups, increased Cyp2b10 protein levels in both female and male pups, and increased Cyp2b9 is female pups relative to the respective control pups. Moreover, protein levels of Cyp2b10 and all 3 Cyp3a enzymes were significantly lower in the liver of PCB 136-exposed dams compared with control dams. Consistent with this finding, transcript levels of cyp3a11 were lower in dams from the PCB 136 exposure group compared with control dams. Cyp2b10 protein levels were lower and Cyp3a11 protein levels were higher in both female and male pups from the PCB 136-exposed group compared with their dams. Cyp1a2 protein levels were also higher in pups compared with their dams; however, this difference reached statistical significance only for male pups in the PCB 136 exposure group.
Effect of PCB Exposure on Expression of Neural Plasticity and Thyroid Hormone-Responsive Genes in Brains of P21 Pups
As an initial screen of the potential developmental neurotoxicity of PCB 95 and PCB 136, transcript levels of genes encoding proteins involved in activity-dependent neural plasticity as well as thyroid hormone-responsive genes were quantified in the cortex, hippocampus and cerebellum of P21 pups by qPCR. Neural plasticity genes included arc, which encodes activityregulated cytoskeleton-associated protein, and ppp1r9b, which encodes protein phosphatase 1 regulatory subunit 9B, also known as spinophilin or neurabin-II; thyroid hormoneresponsive genes included nrgn, which encodes RC3/neurogranin, and mbp, which encodes myelin basic protein (Table 3) . These genes were selected because arc (Kim and Huganir, 1999; Segal, 2001) , nrgn (Krucker et al., 2002) , and ppp1r9b (Kim and Huganir, 1999; Segal, 2001 ) are potential biomarkers of synapse density and synaptic plasticity; nrgn and mbp are thyroid hormone-responsive genes whose expression have been previously shown to be altered by PCBs (Zoeller et al., 2000) .
Developmental exposure to PCB 95 decreased expression of thyroid hormone-responsive genes in a sex-, brain region-, and transcript-specific manner. For example, relative to age-, sex-, and brain region-matched controls, mbp expression was significantly lower in the cerebellum of PCB 95-exposed female but not male pups, while nrgn transcript levels were significantly decreased in the hippocampus of both female and male pups (Table 3) . However, PCB 95 exposure had no significant effect on expression of the neural plasticity genes arc or ppp1r9b in any brain region.
Developmental exposure to PCB 136 affected the expression of both neural plasticity and thyroid hormone-responsive genes in P21 pups compared with age-and sex-matched control animals (Table 3) . Expression of the neural plasticity gene ppp1r9b was significantly elevated in the cortex of PCB 136-exposed male and female pups, and in the hippocampus of PCB 136-exposed male pups. In contrast, transcript levels of the neural plasticity gene arc were significantly decreased in the cerebellum and significantly increased in the cortex of female pups exposed to PCB 136. Exposure to PCB 136 altered expression of thyroid hormone-responsive genes, mpb and nrgn, in the cerebellum and hippocampus but not the cortex. In the cerebellum, mbp transcripts were significantly decreased in PCB 136-exposed female and male pups. Expression of nrgn was significantly lower in the hippocampus, but significantly higher in the cerebellum of female pups exposed to PCB 136.
DISCUSSION
Chiral PCBs are major constituents of technical PCBs mixtures, and significant amounts of these PCB congeners have been released into the environment (Kania-Korwel and Lehmler, 2016a) . Laboratory and human studies implicate exposure to these PCB congeners, in particular PCB 95 and PCB 136, in PCBmediated developmental neurotoxicity, most likely by mechanisms involving RyRs (Bal-Price et al., 2017; Lesiak et al., 2014; Mitchell et al., 2012; Pessah et al., 2006; Wayman et al., 2012a,b; . However, limited information is available regarding the enantioselective disposition of RyR-active PCBs and their metabolites in lactating mice and their offspring. To close this knowledge gap, this study investigated the levels and chiral signatures of PCB 95 and PCB 136 and their hydroxylated metabolites in dams and pups following dietary exposure of the dams to equimolar doses of the racemic parent compound. Additionally, congener-specific changes in the expression of hepatic P450 enzymes as well as brain levels of transcripts of neural plasticity and thyroid hormone-responsive genes were assessed. a Indicates statistically significant change (": upregulation; #: downregulation) of gene expression (P < .05). The relative expression (shown in bold) is calculated as described before in Stamou et al. (2014 Stamou et al. ( , 2015 , followed by the P-value in parentheses. Gene transcript levels were normalized against the mean transcript level of pgk1 as the reference gene. Relative expression, P-values and 95% CIs were calculated using the REST2009 software (Qiagen), which incorporates Ct and efficiency values determined by qPCR analysis.
Developmental exposure via the maternal diet resulted in the transfer of PCBs from the dam to the pups. For the time points investigated, growth dilution was a factor contributing to decreasing levels of both PCB congeners and their metabolites as pups aged. However, growth dilution could not explain all the age-related difference, suggesting that other factors, such as age-dependent changes in the expression of drug metabolizing enzymes or the composition of tissue compartments, also influenced the disposition of both PCB congeners. The disposition of PCB 95 and PCB 136 in dams and pups differed markedly from each other, with PCB 95 levels being approximately 1 order of magnitude higher than PCB 136 levels at comparable time points. The blood level of PCB 95 in dams, which was 16 ng/g, is comparable to the blood level (14 ng/g) reported in an earlier disposition study of PCB 95 in mice . Similar mean blood levels of PCB 95 were observed in studies of occupationally exposed workers (Wingfors et al., 2006; Wolff et al., 1992) . The levels of PCB 95 in brains from pups and dams observed in our study were higher than levels of PCB 95 reported in postmortem human brain samples (Mitchell et al., 2012) . A biomonitoring study in women of reproductive age in the United States reported PCB 136 blood levels ranging from 0.54 to 22.3 ng/g (Whitcomb et al., 2005) , which is comparable to the blood levels of PCB 136 (1.1 ng/g) observed in dams in our study. These comparisons demonstrate that the PCB dosage employed in our study results in blood and tissue concentrations that reflect levels of these congeners in some human populations.
The higher tissue levels of PCB 95 compared with PCB 136 in lactating mice and their offspring in this study are consistent with a previous study that demonstrated P450 enzymemediated formation of OH-PCBs in mouse liver is more rapid for PCB 136 than PCB 95 (Wu et al., 2013) . In addition, congenerspecific modulation of hepatic P450 enzyme activity following exposure to PCB 95 versus PCB 136 likely contributes to the observed differences in the disposition of these congeners in lactating mice and their offspring. Indeed, we observed small, but statistically significant effects of PCB exposure on the expression of hepatic P450 enzymes at the transcript and protein levels. The observation that dietary PCB exposure of the dams differentially increased the expression of hepatic Cyp2b enzymes in the pups is of particular interest because these P450 isoforms metabolize both PCB congeners in mammals (Lu et al., 2013; Waller et al., 1999; Warner et al., 2009) . We also noted several effects on the expression of hepatic Cyp3a enzymes, possibly due to cross-talk between CAR and PXR (Yang and Wang, 2014) . These findings suggest that chiral PCBs and their metabolites modulate their own enantioselective metabolism, which in turn may influence their developmental neurotoxicity in the mouse. It is likely that both PCB congeners and their metabolite also differentially alter the expression of other drug metabolizing enzymes in the mouse.
Hepatic metabolism by P450 enzymes, in particular Cyp2b enzymes (Lu et al., 2013; Waller et al., 1999; Warner et al., 2009) , in the dam and pups results in significant enantiomeric enrichment of the PCB 95 and PCB 136 atropisomer eluting second on the chiral column (i.e., E 2 -PCB 95 and E 2 -PCB 136). The observation that the levels and EF values of PCB 95 and PCB 136 differ in dams and nursing offspring has implications for interpreting the developmental neurotoxic potential of both PCB congeners in mice. In particular, RyR activation has been proposed as a convergent mechanism of PCB developmental neurotoxicity (Bal-Price et al., 2017; Pessah et al., 2010) Significantly different from the corresponding pups or dams from the control group, *P < Lehmler, 2016b) . Like the parent PCBs, OH-PCBs affect a range of cellular targets and are developmental neurotoxicants (Grimm et al., 2015; Pessah et al., 2010) . For example, OH-PCBs of PCB 95 and PCB 136 are potent sensitizers and/or uncouplers of RyRs (Niknam et al., 2013; Pessah et al., 2006) . Moreover, OH-PCBs with ortho chlorine substituents affect developmental neurotoxicity endpoints, such as microsomal Ca 2þ sequestration and protein kinase C (PKC) translocation in vitro (Kodavanti et al., 2003) . OH-PCBs also cause endocrine and thyroid disruption (reviewed in: Grimm et al., 2015) as well as oxidative stress (Dreiem et al., 2009) . To advance our understanding of the role of OH-PCBs in the developmental neurotoxicity of PCBs, we assessed the enantioselective disposition of potentially neurotoxic OH-PCBs in developmentally exposed pups. We observed complex OH-PCB mixtures that varied according to the congener, tissue and time point investigated, and between pups and dams. Changes in the expression of drug metabolizing enzymes, such as P450 enzymes, during early development and following PCB exposure are a likely explanation for the differences in OH-PCB profiles. The later hypothesis is supported by moderate, but statistically significant differences in the expression of relevant P450 enzymes between experimental groups in this study. Particularly intriguing is the presence of multiple OH-PCBs in the brains of pups in this study. For both PCB 95 and PCB 136-exposed pups, the profiles of the respective RyR-active OH-PCB metabolites in the brain differed between P7 and P21 pups and their dams. This observation is important because, in contrast to the respective parent PCBs, certain OH-PCBs can uncouple RyR channel activity from binding partners and produce unregulated Ca 2þ leak (Niknam et al., 2013) , which may differentially affect neuronal connectivity. We also noted a relative enrichment of ROH-PCB metabolites compared with the parent PCB in the brain of P7 pups following exposure to PCB 136, but not PCB 95, and atropisomeric enrichment of OH-PCB metabolites of PCB 95 in lactating mice and their offspring. The latter finding is in agreement with reports that OH-PCBs display considerable atropisomeric enrichment in rodent models (KaniaKorwel et al., 2008b (KaniaKorwel et al., , 2012 (KaniaKorwel et al., , 2015 . Preliminary screening of the expression of neural plasticity and thyroid hormone-responsive genes, including arc, ppp1r9b, mbp, and nrgn, in specific brain regions revealed different, sexspecific gene expression profiles for PCB 95-versus PCB 136-exposed pups compared with control animals. For example, PCB 95 exposure decreased expression of thyroid hormoneresponsive genes in the hippocampus of female and male pups and in the cerebellum of female pups but had no effect on neural plasticity genes. In contrast, PCB 136 exposure resulted in more complex effects on the expression of both neural plasticity and thyroid hormone-responsive genes with both categories of genes being up-or down-regulated depending on sex and brain region. The effects of developmental PCB exposure on levels of mbp, nrgn, and ppp1r9b transcripts have been documented in postnatal rats, but the changes in expression of these genes observed in this study were not consistent with the earlier studies (Lein et al., 2007; Zoeller et al., 2000) , possibly due to differences in exposure paradigm (individual congeners vs PCB mixtures) and species (mouse vs rat). As has been demonstrated for PCB-exposed rats (Lein et al., 2007) , gene expression data do not necessarily predict morphological or behavioral changes associated with PCB exposure and represent only a preliminary assessment of the effects on PCB 95 versus PCB 136 on the developing brain. Together with the differences in PCB and PCB a Indicates statistically significant change (": upregulation; #: downregulation) of gene expression (P < .05). The relative expression (shown in bold) is calculated as described before in Stamou et al. (2014 Stamou et al. ( , 2015 , followed by the P-value in parentheses. Gene transcript levels were normalized against the geometric mean of 3 reference genes (pgk1, ppia, and hgprt). Relative expression, P-values and 95% CIs were calculated using the REST2009 software (Qiagen), which incorporates Ct and efficiency values determined by qPCR analysis. Arc, activity-regulated cytoskeleton-associated protein; Cb, cerebellum; Ctx, cortex; Hippo, hippocampus; hprt, hypoxanthine-guanine phosphoribosyl transferase; mbp, myelin basic protein; nrgn, RC3/neurogranin; pgk1, phosphoglycerate kinase 1; ppia, peptidylprolyl isomerase A; ppp1r9b, spinophilin.
metabolite profiles and chiral signatures in target tissues, our study raises 2 fundamental questions that warrant further studies: Do differences in the (enantioselective) metabolism of PCBs affect their developmental neurotoxicity? Are such differences in neurotoxic outcomes due to additive or more complex interactions produced by individual components of the complex PCB and OH-PCB mixtures present in the developing brain? The answers to these questions will have a significant impact on assessing the risk PCBs pose to the developing human brain, particularly in humans with genetic polymorphisms in cytochrome P450 metabolism and other drug metabolizing enzymes.
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